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CHAPTER I 
 
INTRODUCTION 
 
 Sex is a major challenge to evolutionary theory despite being the predominant 
reproductive mode in animals and other multicellular eukaryotes. Sex is costly to the 
species that practice it, and so its ubiquity is paradoxical. Sexuality incurs a two-fold 
fitness penalty in species, relative to asexuality, yet asexual species are typically 
phylogenetically isolated and evolutionarily short-lived while sexual species flourish. A 
large and robust body of theory has been developed over the last forty years to account 
for this paradox. Empirical work to test the assumptions and predictions of these 
hypotheses in natural systems has developed more slowly, but a growing body of 
research in the last 15 years has shown the value of comparative research on sexual and 
asexual species in nature. The gibbosus species group of Neochlamisus leaf beetles is a 
potentially valuable system for comparative studies due to the prevalence of gynogenetic 
asexuality in the genus. In this system, triploid asexual females must necessarily live in 
sympatry with sexual males and females of the same nominal species, since gynogenetic 
asexual females must be inseminated in order for egg development to proceed. This 
allows for highly controlled natural experiments comparing very similar sexual and 
asexual animals. Neochlamisus has several additional features that contribute to its 
potential as a study system for the evolution of sex: there are many, diverse asexual 
forms, phylogenetic data hint at the possibility of an unusually old, diversified asexual 
lineage, and there are multiple and extensive infections of the reproductive parasite 
 2 
Wolbachia in sexual populations that could influence patterns of molecular evolution in 
Neochlamisus. 
 In this thesis, I present a new mitochondrial dataset from the gibbosus species 
group of Neochlamisus, consisting of Cytochrome Oxidase-I (COI) DNA sequences from 
331 individuals of 7 species and N. bebbianae host forms (Funk, 1999), representing 14 
different populations. These data join 514 previously collected Neochlamisus COI 
sequences (presented in Funk, 1999, and unpublished data) that were used for the 
preparation of Figure 1 but are not presented as part of this work. The individuals 
represented by these data consist of both sexual and asexual individuals, and the 
population genetics and phylogenetic structure of sexual and asexual Neochlamisus are 
described and compared. I make the first population genetic and phylogenetic 
characterization of the gibbosus species group of Neochlamisus with explicit regard to 
sexual versus asexual reproduction. Finally, I test two hypotheses to explain molecular 
evolutionary differences described between sexual and asexual Neochlamisus based on 
hypothetical consequences of asexuality and of infection by maternally-inherited parasitic 
bacteria and find evidence consistent with each. With this work, I take an important step 
in understanding the molecular evolution and population genetics of Neochlamisus, as 
well as in developing future studies to investigate sexual/asexual differences in the 
system. 
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CHAPTER II 
 
PHYLOGENETIC AND POPULATION GENETIC DIFFERENCES BETWEEN 
SEXUAL AND ASEXUAL LINEAGES OF NEOCHLAMISUS LEAF BEETLES 
 
Background and Introduction 
 
Neochlamisus and Gynogenesis 
 Neochlamisus is a genus of North American leaf beetles that feed on the same 
host as juveniles and adults (Karren 1972). Neochlamisus juveniles have a fecal case-
associated life history. The ovipositing female uses plates of fecal material to construct a 
protective case for the newly laid egg. Upon hatching, the larva retains this fecal case and 
lives within it for the remainder of its development, adding its own fecal material to the 
case through three larval molts (Brown and Funk, 2005; Chaboo et al. 2008). During this 
time, only the head and legs of the larva protrude from the case, and removal from the 
case will lead to rapid desiccation and death. Prior to pupating, the larva seals the 
opening of the case to the substrate and inverts itself inside. Shortly after ecdysis, the new 
adult chews its way out of and finally abandons the fecal case (Brown and Funk, 2005; 
Chaboo et al. 2008). 
Neochlamisus is taxonomically divided into two species groups, the velutinus 
group and the gibbosus group (Karren 1972) that is the focus of my research. The 
gibbosus species group of Neochlamisus consists of 12 species distributed throughout 
eastern North America that feed on a variety of hosts (Table 1) (Karren 1972). 
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Neochlamisus species are monophagous specialists, with the apparent exception of N. 
bebbianae, which is found on six different hosts. The N. bebbianae populations found on 
each host plant appear to be differentially adapted specialist host forms (Funk 2010, 
2012). 
 
Species Host 
N.assimilis Azalae 
N. bebbianae Acer, Alnus, Betula, Corylus, Salix, Quercus 
N. bimaculatus Rubus 
N. chamaedaphnes Chamaedaphne 
N. comptoniae Myrica 
N. cribripennis Vaccinium 
N. eubati Rubus 
N. fragariae Fragaria 
N. gibbosus Rubus 
N. insularis Poor records 
N. platani Platanus 
N. tuberculatus Vaccinium 
 
Table 1: Gibbosus group species of Neochlamisus and associated host genera. 
Bolded names indicate focal research species (due to accessibility and availability 
of specimens). 
 
 Neochlamisus is the focus of my thesis research because of the prevalence of 
gynogenesis in the gibbosus species group. Gynogenesis is a comparatively rare 
(although taxonomically widespread; Stenseth and Kirkendall, 1985) form of 
parthenogenesis in which unreduced eggs produced by asexual females require the 
presence of sperm to initiate development, but the sperm nucleus is not incorporated in 
the zygote and thus there is no paternal genetic contribution to the resulting offspring 
(Schlupp, 2005; Beukeboom and Vrijenhoek, 1998; Stenseth and Kirkendall, 1985). 
Gynogenesis has evolved in multiple animal taxa (Schlupp, 2005), including the poeciliid 
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fishes, salamanders, nematodes and insects (Stenseth and Kirkendall, 1985). In 
Neochlamisus, gynogenesis is indicated by several lines of evidence: female biased sex-
ratios in mixed sexual and asexual populations are consistent with sex ratios reported 
from other gynogenetic insect taxa; asexual females exhibit no decay in sexual behavior 
or structures such as the spermatheca, do not produce eggs unless mated and are 
commonly inseminated; allozyme studies confirm that daughters of gynogenetic mothers 
are apomictic clones of the female parent (Funk et al. unpub. data; Funk and Shapiro 
unpub. manuscript).  
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Figure 1: Condensed Neochlamisus COI phylogeny by major clades as of mid-2009, 
including Wolbachia infections, number of males and ploidy of screened individuals for 
each clade (from unpub. data). ‘B’ lineage is collapsed to a single group because of the 
smaller number of specimens in this lineage and low phylogenetic structure. 
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Previous phylogenetic analysis of the gibbosus species group revealed substantial 
species-level paraphyly in the mitochondrial gene COI, with conspecific specimens 
falling into one of two distinct lineages (approximately 10% average sequence 
divergence) (Funk, 1999). One of these lineages (A) is associated with gynogenesis, from 
association with the previously listed evidence for gynogenesis and additional 
corroborating data. Specimens where sex is known are almost entirely female. There are 
five males in basal A lineage clades A11 and A12, but specimens from more derived 
clades are all female. These basal clades may retain some sexuals, but the remainder of 
the lineage (clades A1-A10) are clearly associated with gynogenetic asexuality. 
Individuals within each lineage are most closely related by descent to members of the 
same mating system but of entirely different species, and are diverged from conspecifics 
of the other mating system. The two female mating system types of each species are 
morphologically indistinguishable. 
Data supporting the association of the A lineage with gynogenesis include flow 
cytometry and karyotyping data (Funk, unpub. data; Colby and Funk et al., ubpub. data), 
suggesting that females in this lineage are typically triploid, and phylogenetic analysis of 
DNA collected from mothers of large (≥10) all-female broods reared in the lab (Funk lab 
unpub. data) includes them as members of the derived clades of lineage A. Sexual 
specimens (including diploid females, males and mothers of mixed-sex broods) are 
included by phylogenetic analysis in COI lineage B. These a priori COI lineage 
associations with gynogenetic and sexual reproduction enable diagnosis of Neochlamisus 
specimens as sexual or gynogenetic, either by DNA sequencing and phylogenetic 
analysis or by Restriction Fragment Length Polymorphism (RFLP) analysis of COI PCR 
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products. See Figure 1 for a diagrammatic representation of the gibbosus group COI 
pylogeny and some associated evidence for gynogenesis. 
 
Wolbachia in Neochlamisus 
 Wolbachia is a maternally inherited, obligately intracellular bacterial parasite that 
infects as many as 65% of insect species, facilitating its spread through host populations 
by manipulations of hosts’ reproductive biology (Werren et al. 2008). There are at least 
three distinct strains of Wolbachia infections throughout gibbosus group species and 
populations (Funk et al., unpub. data). So far, some level of infection has been detected in 
every species that has been screened to date, though across-populationg infection levels 
vary widely (Funk et al. unpub. data). There is also individual-level variation in 
Wolbachia infection that appears to be tied to mating system: infection is approximately 
5 times more prevalent in the sexual lineage (Funk et al. unpub. data). The tendency of 
Wolbachia to distort mitochondrial inheritance in infected arthropod species (Hurst and 
Jiggins 2005) means that it must be considered as a possible influence on the molecular 
evolutionary data reported in this study. 
 
Research Aims 
 As described, previously collected data have been used to determine that 
Neochlamisus species have gynogenetic variants and that the asexual and sexual 
individuals of each species belong to diverged, diagnostic mtDNA lineages. This 
situation presents a unique opportunity, in that the necessary coexistence of asexual 
females within their putatively conspecific sexual host populations provides the 
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opportunity for highly controlled comparisons of phenotypically and ecologically similar 
subpopulations of sexual and asexual animals. An important step in developing 
Neochlamisus as an experimental system to study the evolutionary tradeoffs of sex is 
characterizing the population genetics and phylogenetics of the sexual and asexual 
lineages. Here, I present the results of that work, using a new data set collected 
specifically for this study, and make preliminary investigations into some differences 
between these two lineages in the context of predictions of how sexual and asexual 
organisms should differ in their molecular evolution. 
 
Materials and Methods 
 
Sampling 
 Frozen specimens from 7 Neochlamisus species and N. bebbianae host forms 
(Funk, 1999) representing 14 populations were chosen for this study, including lab-reared 
and field-collected individuals (Table 2). Taxa and populations were chosen to be 
representative of sex ratio variation among Neochlamisus populations and species. 
Sampling was focused on the most readily accessed, known field populations. Additional 
sampling effort was focused on species where populations typically contain intermediate 
levels of sexual and asexual individuals, most particularly Neochlamisus comptoniae. The 
intent of this additional sampling was to allow more powerful comparisons between 
sexuals and asexuals of the same nominal species, including comparisons of multiple 
populations. 
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DNA Extraction, Amplification and Sequencing 
 Whole genomic extractions were obtained using the Qiagen DNEasy Blood and 
Tissue Kit (Qiagen, Valencia, CA) for all specimens, following a modified version of the 
standard spin-column protocol for animal blood or cells. Whole frozen beetles of both 
sexes were ground up with a micropestle and allowed to lyse overnight. 
 Polymerase Chain Reaction (PCR) using Neochlamisus-specific primers (Neo3F: 
CAACCAACCTAGYCCATAGAGG; 3014R: TCCAATGCACTAATCTGCCATATTA) was used to 
amplify a 903 base pair region of the mitochondrial gene Cytochrome-Oxidase I (COI). 
PCR “cocktails” were 25 µL with 80 nM each dNTP, 2.5 mM MgCl2, 0.02 mM each 
primer, 1 U Taq polymerase and 0.5 µL DNA (irrespective of concentration). The PCR 
program consisted of an initial melting step at 120℃ for 2:00, followed by cycles of 
94℃ for 0:30, 46℃ (10 cycles) then 48℃ (30 cycles) for 0:30 and 72℃ for 0:30. The 
resulting amplicons were sequenced at the University of Arizona Genetics Core in 
Tucson, AZ. The resulting chromatograms were examined for quality in FINCHTV 1.4.0 
(Geospiza, Inc., Seattle, WA, USA) and Sequencher 4.5 (Gene Codes Corporation, Ann 
Arbor, MI, USA), then edited and aligned by eye using MacClade 4.08 (Sinauer 
Associates, Sunderland, MA, USA). 
 
Identification of Sexual and Gynogenetic Sequences 
A neighbor-joining phylogenetic analysis conducted in PAUP* (Swofford, 2002), 
employing the Kimura Two-Parameter model of nucleotide substitution (Kimura 1980), 
was used to identify the reproductive mode of each specimen. Identification is by 
phylogenetic grouping of individuals in either of the previously-established sexual or 
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asexual lineages. The outgroup for this analysis was the velutinus group species 
Neochlamisus scabripennis (Funk 1999; Funk in prep.). Sequences were subsequently 
tagged as sexual or asexual for analysis, and sorted into sequence sets by reproductive 
mode, species and host form (if applicable). We assigned 227 sequences assigned to the 
sexual lineage and 104 sequences to the asexual lineage. Although the basal clades of the 
asexual lineage, A11-A14, may include some sexuals, all specimens assigned to the 
asexual lineage were included in the unambiguously asexual part of the lineage (clades 
A1-A10) by this analysis. The difference in sample sizes likely reflects a combination of 
sampling error and the relative frequency of sexual and asexual individuals present within 
the sampled populations. 
 
Population Genetics and Tests of Selection 
We used Tajima’s D (Tajima 1994), Fay and Wu’s H (Fay and Wu 1997) and 
Fu’s Fs (Fu 1997) to evaluate whether there were any deviations from neutrality in the 
COI sequences sampled from the sexual and asexual lineages. D and H use estimates of 
the population genetic parameter θ (the Watterson estimator of the population mutation 
rate) (Watterson 1975), whereas Fu’s Fs is based on an estimate of the probability of 
observing a random sample with a lower number of alleles than the sequences of interest, 
assuming neutrality of those alleles. McDonald-Kreitman tests (McDonald and Kreitman, 
1991) were used to assess the relative contributions of synonymous and nonsynonymous 
changes to intraspecific polymorphism and interspecific divergence (relative to velutinus 
group N. scabripennis outgroup) in gibbosus group Neochlamisus species, and whether 
the relative frequency of these contributions indicated a departure from neutral 
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expectations (where the ratios of these contributions are equivalent for polymorphic and 
fixed differences). 
All population genetics statistics (including mean genetic distance) and measures 
of selection were evaluated using DNASP 5.10.0 (Librado and Rozas, 2009). 
Comparisons were made between sequence sets from all sexual and all asexual 
specimens, as well as between sexual and asexual individuals of N. platani and N. 
comptoniae. The reason for excluding other possible sexual/asexual species comparisons 
was the small sample size (N ≤ 10) in one or both of the sexual and asexual groups from 
those species. 
 
Phylogenetic Analysis 
 Phylogenetic analysis was conducted in PAUP* under parameters that consistently 
produce similar topologies and reconstruct the two lineages described earlier (Funk, 
1999). As above, a neighbor-joining analysis using the Kimura two-parameter model of 
nucleotide substitution was used to generate the phylogenetic tree, with the addition of a 
100-replicate majority-rule bootstrap analysis. 
 
Testing for Rates of Mutation Accumulation Using dN/dS 
 Two alternative branch class models for dN/dS were tested using the 
CODEML implementation of PAML (Yang, 2007), using the full phylogeny of the sexual 
and asexual lineages of Neochlamisus. The null model assumed a single dN/dS ratio for 
both the sexual and asexual lineage (DF=1), while the alternative model assessed a 
scenario where the dN/dS ratio differs between the lineages (DF=2). Input trees were 
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prepared by a heuristic maximum parsimony search in PAUP* (Swofford, 2002), using 
factory default settings. 
Divergence between the sexual and asexual lineages is such that any of the 
commonly used phylogenetic methods will reconstruct the appropriate lineages (see 
Funk, 1999; Funk et al. in prep). PAUP* returned the default maximum of 100 equally 
parsimonious trees from this search; one was chosen at random and formatted as a 
bifurcated input tree for PAML, with the N. scabripennis outgroup trimmed from the 
analysis. This input tree was used to test the alternative models for dN/dS. Likelihood 
scores were tested for significance using a log-likelihood test in the CHI2 program 
supplied with PAML. 
 
Results 
 
Sequence Set Pi  (Std. Dev.) # Haplotypes 
Haplotype 
Diversity 
Mean. # 
Nuc. Differences 
Sex (N = 227) 0.01070 (0.00034) 84 0.96277 9.06557 
Asex (N = 104) 0.01977 (0.00121) 49 0.93559 17.35829 
N. comp Sex (N = 100) 0.00679 (0.00033) 29 0.89091 5.51596 
N. comp Asex (N = 19) 0.00397 (0.00054) 11 0.93567 3.46199 
N. plat Sex (N = 25) 0.00335 (0.00110) 9 0.79447 2.83794 
N. plat Asex (N = 45) 0.00178 (0.00038) 9 0.65738 1.51220 
 
Table 2: Genetic diversity measures by sequence group. 
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Table 3: Tests of selection. MK = McDonald-Kreitman test, results are given as 
Neutrality Indices. H = Fay and Wu’s H. D = Tajima’s D. Fs = Fu’s Fs. * = 0.01 < p ≤ 
0.05, ** = 0.001 < p ≤ 0.01, *** = p ≤ 0.001. For Fu’s Fs, significance requires p ≤ 0.02 
(Fu, 1997), which is why calculated p-values are shown for this statistic. 
 
 
 
Sex/Asex Comparison Sequence Divergence # Fixed Differences/ 
All (Sex vs. Asex) 0.09105 45 
N. comptoniae 0.09145 65 
N. platani 0.09442 74 
 
Table 4: Comparisons of nucleotide sequence divergence and fixed differences between 
sexual and asexual lineages and conspecifics. 
 
 
 
 
 
 
 
 
Sequence Set MK (NI) H D Fs 
Sex (N = 227) 11.514*** -31.0286** -1.45661 ns -65.698 (p<0.001) 
Asex (N = 104) 17.368*** -16.2479 ns -0.05297 ns -8.533 (p=0.073 ns) 
N. comp Sex (N = 100) 19.143*** -13.3588* -0.90532 ns -11.243 (p=0.005) 
N. comp Asex (N = 19) 10.000** -6.8772* -0.40592 ns -3.342 (p=0.049 ns) 
N. plat Sex (N = 25) 8.750** -9.75000** -2.23242** -4.045 (p=0.0250 ns) 
N. plat Asex (N = 45) 45.000*** -2.78281* -1.90876* -3.315 (p=0.0461 ns) 
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Figure 2: Neighbor-joining bootstrap cladogram of 332 mt COI sequences from 
Neochlamisus (all new data). First letter of OTU names indicate a priori diagnosis as 
Gynogenetic (G) or Sexual (S). Second letter pair indicates taxon, third letter pair 
population, followed individual identification numbers and sex. 
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Phylogenetics 
 When analyzed separately from previously collected DNA sequences, new 
sequences form monophyletic lineages with a pattern similar to previously established 
phylogenies using COI in Neochlamisus (Funk 1999, Funk et al. unpub. data) (Figure 2). 
Within the sexual lineage, paraphyly and basal polytomies are common. By contrast, 
species are monophyletic within the asexual lineage, and show clear hierarchical structure 
in the phylogeny, with strong bifurcation throughout that region of the tree. This might 
indicate a weak phylogenetic signal the mitochondria in sexual taxa, perhaps due to a 
selective sweep of the mitochondrion driven by maternally inherited Wolbachia 
infections. 
 
Genetic Diversity 
 The mean sequence divergence betweeb the sexual and asexual is consistent with 
the previously reported mitochondrial phylogeny (Funk, 1999) at 9.1% divergence. The 
average sequence divergence between sexual and asexual members of N. comptoniae and 
N. platani is similar, at 9.1% and 9.4%, respectively. 
 Within lineage sequence diversity is noticeably different between the sexual and 
asexual mitochondrial lineages, being higher between asexuals, at 1.98%, than between 
sexuals, at 1.07%, while species level comparisons of mean sequences divergence show 
less genetic diversity within sexual members of a species than the asexuals. One possible 
interpretation of these results is that asexual species are likely to be more genetically 
homogenous than their sexual conspecifics, but also more genetically distinct as a group 
from their congeners. This interpretation is consistent with the observed differences in 
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phylogenetic structure between the sexual and asexual lineages, although there is an 
important caveat in that only two intraspecific comparisons of sexual and asexual 
individuals were made, and they may not be fully representative of intraspecific sex/asex 
differences throughout Neochlamisus. 
 The same pattern may be observed in the mean number of nucleotide differences. 
In the full lineage comparisons, the average number of differences is much higher among 
the asexuals, while in species-level comparisons, asexuals have slightly fewer 
differences. In general, relatively low intraspecific variation is expected in clonal 
organisms (Bell 1982, Williams 1975), but the high interspecific variation between 
asexual Neochlamisus suggested by the data is striking. 
 
Tests of Selection 
 McDonald-Kreitman tests indicate an excess of nonsynonymous polymorphism 
(NI > 1) in all tested sequence sets, a result that may indicate a higher than expected rate 
of accumulation of amino acid changes. In the full lineage comparison and between 
sexual and asexual N. platani, the neutrality indices are considerably higher for asexual 
species; the inverse is true for the N. comptoniae sequences. 
 Tests of selection based on estimates of Theta (D and H) are more consistent with 
purifying selection, although D is not significantly different from zero for most tests 
except for those conducted with N. platani sequences. H is significantly less than zero for 
almost all tests conducted, excluding all asexual sequences. Greater departures of H from 
zero in the case of sexual sequences indicates a greater effect in sexual Neochlamisus. 
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Fu’s Fs is also significantly negative for all sexual sequences and N. comptoniae 
sexuals, though not significantly different from zero otherwise. A negative Fs is 
consistent with genetic hitchhiking or a population expansion. Comparing Fs to H 
indicates that the former is more plausible in Neochlamisus: negative H statistics are 
consistent with either purifying selection or genetic hitchhiking, and the concurrence of 
the statistics gives support to the hitchhiking hypothesis. H is not sensitive to population 
expansion. Overall, the results of these tests of selection appear possibly contradictory, 
with McDonald-Kreitman tests indicating an excess of nonsynonymous polymorphism, 
but H indicating strong purifying selection. However, genetic hitchhiking is another 
possible explanation for negative H values, and this is consistent with the negative Fs 
also reported for two groups of sexual sequences.  
 
Discussion 
 
Lineage Differences in the Context of Sex 
 These data show that the sexual and asexual lineages of Neochlamisus are 
genetically distinct from one another in addition to being phylogenetically diverged. The 
sexual lineage contains less genetic diversity overall, though intraspecific nucleotide 
diversity of sexuals appears to be higher. The sexual lineage also has less phylogenetic 
structure than the asexual lineage, with extensive species-level paraphyly and many 
polytomies. Tests of selection indicate an excess of nonsynonymous polymorphism and 
signs of purifying selection or genetic hitchhiking in all Neochlamisus, but the strength of 
these effects are much larger in the sexual lineage. That these major differences in 
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phylogenetics, selection and population genetics are between two lineages divided by the 
practice of sex makes the question of whether these differences are the consequence of 
being sexual or asexual an irresistable one. While the monophyly of the sexual and 
asexual lineages means the effects of sex, or the lack of it, cannot be disentangled from 
possible lineage-level effects unrelated to sex, it is still possible to test whether the 
differences I observed in the sexual and asexual lineages of Neochlamisus are consistent 
with some predicted consequences of the lack of sex. Such results could set the stage for 
additional studies aimed at understanding the causal mechanisms for these differences. 
 The challenge of sexual reproduction to evolutionary theory is its ubiquity among 
multicellular eukaryotes in the face of the large costs associated with it (Williams 1975). 
The most famous of these is the cost of males (Maynard Smith 1978), the two-fold 
penalty in reproductive rate paid by sexual females who must produce non-reproducing 
male offspring in addition to the females that contribute to population growth. In spite of 
this and other major costs, sex is very common, and so it is presumed to have benefits 
that exceed the costs. A large number of benefits to sex have been proposed (Kondrashov 
1993, Hurst and Peck 1996), some of which have become accepted as likely contributors 
to the evolutionary advantages of being sexual. I chose to focus on testing one of these 
hypothetical benefits, the more rapid accumulation of putatively harmful DNA mutations 
in the genomes of asexual than sexual lineages. 
 The accumulation of deleterious mutations in asexual lineages is predicted as a 
consequence of the loss of genetic recombination (Kondrashov 1988, 1993; Judson and 
Normark 1996; Normark and Moran 2000). Several mechanisms with this effect have 
been proposed, the most well known of them being Muller’s Ratchet (Felsenstein, 1974). 
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Muller’s Ratchet will supposedly cause rapid fitness decline and population collapse in 
sufficiently small populations (Lynch et al. 1993),. Simulation experiments have 
demonstrated that a major effect of the Ratchet in asexual populations is to cause the 
accumulation of putatively harmful nonsynonymous mutations (Charlesworth and 
Charlesworth 1997), and this effect may proceed very slowly (Judson and Normark 
1996). An increase in the rate of accumulation of mutations is also caused by the Hill-
Robertson effect in asexual populations, where interference between beneficial alleles 
arising at different loci leads to inefficient selection against mildly deleterious alleles 
(Charlesworth and Charlesworth 1997). 
 I chose to focus on mutation accumulation because it has been demonstrated in 
other asexual taxa, e.g., Daphnia pulex (Paland and Lynch 2006), Bdelloid rotifers 
(Barraclough et al. 2007) and Potamopyrgus antipodarum freshwater snails (Neiman et 
al. 2010), and because tools to test for the accumulation of mutations are easily available. 
In addition, the differences already quantified between sexual and asexual Neochlamisus 
lineages do not rule out mutation accumulation: greater nucleotide diversity and a higher 
degree of nonsynonymous polymorphism in asexuals are potentially consistent with the 
more rapid accumulation of slightly deleterious mutations in the asexual lineage. 
 It is important to note that predictions of increased accumulation of mutations in 
asexual species hold for cytoplasmic (e.g. mitochondrial) as well as nuclear genomes. 
The mitochondrion benefits from reassortment with the nucleus in sexual eukaryotes 
because the loss of recombination locks it into complete linkage disequilibrium with the 
nucleus in the same way that a nuclear gene becomes linked to its fellows (Felsenstein 
1974; Birky and Walsh 1988), although eukaryotic mitochondria still typically carry a 
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higher mutational load than do nuclear genomes (Neiman and Taylor 2009). The 
consequences for mitochondrial genes may be less pronounced, however, due to the 
already high levels of linkage disequilibrium experienced by mitochondrial genes versus 
nuclear genes in sexual eukaryotes (Normark and Moran 2000). 
 I tested for an accumulation of putatively harmful mutations in the asexual lineage 
of Neochlamisus by comparing the ratio of the number of nonsynonymous mutations per 
nonsynonymous site to the number of synonymous mutations per synonymous site (the 
dN/dS ratio) between the sexual and asexual lineages via maximum likelihood analysis of 
alternate branch class models using PAML (Yang 2007). The use of the dN/dS ratio allows 
for an assessment of the rate at which putatively harmful nonsynonsymous mutations are 
accumulating (dN) while controlling for the overall substitution rate of the lineage. A 
higher dN/dS value in asexuals would be consistent with an increased rate of accumulation 
of deleterious mutations. This approach has been used to demonstrate increased rates of 
accumulation of putatively deleterious mutations in sexual taxa in several studies (e.g. 
Normark and Moran 2000, Paland and Lynch 2006, Barraclough et al. 2007, Neiman et 
al. 2010). 
The PAML analyses I conducted (see Materials and Methods) showed a 
significantly better fit for the alternative model of different dN/dS ratios for the sexual and 
asexual mtDNA lineages, compared to the null model of the same dN/dS ratio across both 
lineages (2ΔL = 8.47539, df = 1, 휒2 p = 0.0036) with the asexual dN/dS = 0.18159 and 
sexual dN/dS = 0.09556, which is consistent with a more rapid rate of accumulation of 
deleterious mutations in the asexual lineage. Neutrality indices indicating a greater 
contribution by nonsynonymous variation to polymorphism in asexuals than sexuals are 
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also consistent with the mutation accumulation hypothesis. Mutation accumulation in 
asexuals may also be related to the higher levels of interspecific genetic diversity 
observed in the asexual lineage. A comparison of nucleotide diversity at synonymous and 
nonsynonymous sites in the sexual and asexual lineages, conducted in DNASP, returned 
synonymous pi values of 0.03700 for sexuals and 0.06542 for asexuals, and 
nonsynonymous pi values of 0.00224 for sexuals and 0.00504 for asexuals. The amount 
of nonsynonymous relative to synonymous nucleotide diversity is higher in the asexual 
lineage, but synonymous nucleotide diversity is also considerably greater. This result 
indicates that the basal mutation rate of COI is likely higher in the asexual than in the 
sexual lineage. Though this increased basal mutation rate might lead one to suspect that 
the higher degree of synonymous variation is responsible for the overall higher genetic 
diversity in asexuals, a comparison of dN/dS ratios between the lineages also shows that 
nonsynonymous mutations are contributing to higher levels of nucleotide diversity in the 
asexual lineage. 
 
A Role for Wolbachia in Sexual/Asexual Lineage Differences 
 One potentially influential factor with respect to differences in nucleotide 
diversity between the sexual and asexual lineages of Neochlamisus is the widespread 
presence of Wolbachia in the gibbosus species group (Funk et al. unpub. data). 
Wolbachia infection rates in the current data set, based on PCR screening, reflect those 
from previously-tested specimens, with 44% (91/206) of screened sexual individuals and 
25% (23/92) of screened asexuals positive for Wolbachia. From these data, Wolbachia is 
significantly more prevalent in the sexual lineage (Fisher’s Exact Test p=0.0019). When 
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all individuals ever screened for Wolbachia are taken into account, including those from 
previously collected data sets, the difference in infection rates between sexuals and 
asexuals becomes even more pronounced, with 69% (347/502) of screened sexuals and 
13% (59/461) of screened asexuals positive for Wolbachia (Fisher’s Exact Test p<0.001). 
 Wolbachia spreads through insect populations by manipulating the reproductive 
biology of its hosts (Werren et al. 2008). There are a variety of reproductive phenotypes 
that Wolbachia induces in different hosts, but the most common, and most consistent 
with the pattern of infections that are observed in sexual and asexual Neochlamisus is 
cytoplasmic incompatibility (CI) (Werren et al. 2008). CI reduces the fitness of 
uninfected females in a population that is being invaded by Wolbachia by causing 
matings between uninfected females and infected males to be sterile. In contrast, infected 
females can mate successfully with both infected and uninfected males. This mechanism 
causes infected females to have a considerable fitness advantage over uninfected females, 
if there are enough infected males in the population, and with the majority of offspring 
being from infected mothers, the maternally inherited Wolbachia will rapidly increase its 
frequency in the population. The effect of the Wolbachia infections found in 
Neochlamisus has not been confirmed, but it is difficult to explain the pattern of 
widespread infection in sexuals by any mechanism other than CI. The level of infection 
in asexual Neochlamisus indicates that Wolbachia is able to infect these individuals by 
horizontal or vertical transmission, but CI cannot logically influence the reproductive 
fitness of asexual females. 
 The significance of Wolbachia infections in Neochlamisus is that Wolbachia and 
other maternally-inherited endosymbionts are known to distort patterns of mtDNA 
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variation (Hurst & Jiggins 2005). An invading Wolbachia strain causes the 
mitochondrion to “hitchhike” along with the parasite as CI drives the infection through 
the host population. This effect has been observed in Drosophila simulans, with different 
studies both confirming associations between specific mitochondrial haplotypes and 
Wolbachia strains (Jiggins 2003) and showing mtDNA diversity in D. simulans to be less 
than expected under neutral theory (Ballard 2000). A selective sweep of mitochondrial 
DNA in D. simulans, driven by Wolbachia, was confirmed by Hurst and Jiggins (2005). 
Could this same hitchhiking mechanism be behind low levels of interspecific nucleotide 
diversity in the sexual lineage of Neochlamisus? 
 The results presented in Table 3 are consistent with the hypothesis of selective 
sweep of the mitochondrial genome in the sexual lineage of Neochlamisus. As previously 
discussed, a negative H result is consistent with both purifying selection and with genetic 
hitchhiking. Furthermore, a negative Fs result is corroborating evidence of hitchhiking. In 
every sex/asex comparison using these tests (full lineage and intraspecific comparisons), 
the results were negative for both sexuals and asexuals, but the departures from zero were 
much greater among sexual groups than asexual groups. These results are certainly 
consistent with the hypothesis that low interspecific nucleotide diversity in the sexual 
lineage is due in part to a selective sweep driven by Wolbachia. This hypothesis could be 
viewed as an indirect consequence of sexuality, since CI presumably cannot act and 
therefore cannot distort mitochondrial inheritance in asexual females. 
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Conclusions 
 In this work, I have presented a new mitochondrial COI dataset from the gibbosus 
species group of Neochlamisus, representing two diverged lineages of sexual and asexual 
(gynogenetic) leaf beetles. Although individuals from both lineages are ecologically and 
biologically very similar to one another, my analysis of the genetic data reveals 
substantial differences between them, in phylogenetic structure, genetic diversity and the 
effects of natural selection. In the interest of developing this system for further research 
into differences between ecologically and biologically similar sexual and asexual 
animals, I conducted a preliminary analysis of the rate of accumulation of mutations in 
each lineage, and found that there is a statistically significant difference in dN/dS ratio 
between them, with the asexual lineage having a higher ratio of nonsynonymous 
mutations per nonsynonymous site. This result is consistent with the prediction that 
asexual lineages should accumulate harmful mutations at a more rapid rate than sexual 
lineages. It must be emphasized that this result cannot be separated from lineage-level 
effects unrelated to sex. I also found evidence consistent with the hypothesis that low 
genetic diversity in the sexual lineage of Neochlamisus is due in part to a selective sweep 
driven by cytoplasmic-incompatibility inducing Wolbachia infections in that lineage; this 
is arguably an indirect consequence of sexuality that asexual animals are not subject to. 
 Although it is not impossible to demonstrate causality between reproductive mode 
and the differences described between the sexual and asexual lineages of Neochlamisus, 
the fact that the results of these analyses agree consistently with a priori predictions of 
differences between sexual and asexual organisms is noteworthy. Neochlamisus remains 
a promising biological system for the study of sex. Further work will be required to 
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develop Neochlamisus as a system for investigating differences between sexual and 
asexual animals, and to provide stronger evidence that the phylogenetic, selective and 
genetic differences between the two lineages are due to reproductive mode, if that is true, 
or else demonstrate that they are not. 
  
 29 
REFERENCES 
 
Adams DC, Funk DJ (1997). Morphometric inferences on sibling species and sexual 
dimorphism in Neochlamisus bebbianae leaf beetles: multivariate applications of the 
thin-plate spline. Syst Biol 46: 180-194. 
 
Ballard JWO (2000). Comparative genomics of mitochondrial DNA in Drosophila 
simulans. J Mol Evol 51: 64-75. 
 
Barraclough TG, Fontaneto D, Ricci C, Herniou EA (2007). Evidence for inefficient 
selection against deleterious mutations in Cytochrome Oxidase I of asexual Bdelloid 
rotifers. Mol Biol Evol 24: 1952-1962. 
 
Bell G (1982). The Masterpiece of Nature: The Evolution and Genetics of Sexuality. 
University of California Press: Berkely. 
 
Beukeboom LW, Vrijenhoek RC (1998). Evolutionary genetics and ecology of sperm-
dependent parthenogenesis. J Evol Biol 11: 755-782. 
 
Birky CW, Walsh JB (1988). Effects of linkage on rates of molecular evolution. P Natl 
Acad Sci Usa 85: 6414-6418. 
 
Brown CG, Funk DJ (2005). Aspects of the natural history of Neochlamisus (Coleoptera: 
Chrysomelidae): fecal case-associated life history and behavior, with a method for 
studying insect constructions. Ann Entomol Soc Am 98: 711-725. 
 
Chaboo CS, Brown CG, Funk DJ (2008). Faecal case architecture in the gibbosus species 
group of Neochlamisus Karren, 1972 (Coleoptera: Chrysomelidae: Cryptocephalinae: 
Chlamisini). Zool J Linn Soc 152: 315-351. 
 
Charlesworth B, Charlesworth D (1997). Rapid fixation of deleterious alleles can be 
caused by Müller’s ratchet. Genet Res 70: 63-73. 
 
Egan SP, Funk DJ (2009). Ecologically dependent postmating isolation between 
sympatric host forms of Neochlamisus bebbianae leaf beetles. P Natl Acad Sci USA 106: 
19426-19431. 
 
Felsenstein J (1974). The evolutionary advantage of recombination. Genetics 78: 737-
756. 
 
Fay JC, Wu CI (2000). Hitchhiking under positive Darwinian selection. Genetics 155: 
1405-1413. 
 
Funk et al. manuscript in preparation. 
 30 
 
Hurst GDD, Jiggins FM (2005). Problems with mitochondrial DNA as a marker in 
population, phylogeographic and phylogenetic studies: the effects of inherited symbionts. 
P R Soc B 272: 1525-1534. 
 
Hurst L, Peck J (1996). Recent advances in understanding of the evolution and 
maintenance of sex. Trends Ecol Evol 11: 46-52. 
 
Jiggins FM (2003). Male-killing Wolbachia and mitochondrial DNA: selective sweeps, 
hybrid introgression and parasite population dynamics. Genetics 164: 5-12. 
 
Johnson SG, Howard RS (2007). Contrasting patterns of synonymous and 
nonsynonymous sequence evolution in asexual and sexual freshwater snail lineages. 
Evolution 61: 2728-2735. 
 
Judson OP, Normark BB (1996). Ancient asexual scandals. Trends Ecol Evol 11(2): 41-
45. 
 
Karren JB (1972). A revision of the subfamily Chlamisinae of America north of Mexico 
(Coleoptera: Chrysomelidae). Univ Kans Sci Bull 49: 875-988. 
 
Kimura M (1980). A simple method for estimating evolutionary rate of base substitutions 
through comparative studies of nucleotide sequences. J Mol Evol 16: 111-120. 
 
Kondrashov AS (1988). Deleterious mutations and the evolution of sexual reproduction. 
Nature 336: 435-440. 
 
Kondrashov AS (1993). Classification of hypotheses on the advantage of amphimixis. J 
Hered 84: 372-387. 
 
Librado P, Rozas J (2009). DnaSP v5: A software for comprehensive analysis of DNA 
polymorphism data. Bioinformatics 25: 1451-1452. 
 
Maynard Smith J (1978). The Evolution of Sex. Cambridge University Press: Cambridge. 
 
McDonald JH, Kreitman M (1991). Adaptive protein evolution at the Adh locus in 
Drosophila. Nature 351: 652-654. 
 
Neiman M, Taylor DR (2009). The causes of mutation accumulation in mitochondrial 
genomes. P R Soc B  276: 1201-1209. 
 
Neiman M, Hehman G, Miller JT, Logsdon JM, Taylor DR (2010). Accelerated mutation 
accumulation in asexual lineages of a freshwater snail. Mol Biol Evol 27: 954-963. 
 
 31 
Normark BB, Moran NA (2000). Opinion – testing for the accumulation of deleterious 
mutations in asexual eukaryote genomes using molecular sequences. J Nat Hist 34: 1719-
1729. 
 
Schlupp I (2005). The evolutionary ecology of gynogenesis. Annu Rev Ecol Evol Syst 
36(2): 399-417. 
 
Stenseth NC, Kirkendall LR (1985). On the evolution of pseudogamy. Evolution 39: 294-
307. 
 
Swofford DL (2002). PAUP*. Phylogenetic Analysis Using Parsimony (*and Other 
Methods), version 4. Sinauer Associates: Sunderland, MA. 
 
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011). MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolutionary 
distance and maximum parsimony methods. Mol Biol Evol 28: 2731-2739. 
 
Watterson, GA (1975). On the number of segregating sites in genetical models without 
recombination. Theor Popul Biol 7: 256-276. 
 
Werren JH, Baldo L, Clark ME (2008). Wolbachia: master manipulators of invertebrate 
biology. Nat Rev Microbiol 6: 741-751. 
 
Williams GC (1975). Sex and Evolution. Princeton University Press: Princeton, NJ. 
 
